Avalanche photodiodes (APDs) are most commonly used for single photon detection, as they are simple, robust semiconductor devices with high detection efficiencies and low dark count noise. When the diode is reversed biased above the breakdown voltage, photo-excitation of a single carrier followed by carrier multiplication through repeated impact ionisation results in a macroscopic current that can be easily detected. Detection efficiencies of up to 45% have been reported for telecom-wavelength InGaAs/InP APDs, 9 while values in excess of 65% are common for shorter-wavelength Si devices.
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Furthermore by integrating the absorption region in a monolithic semiconductor cavity, detection efficiencies exceeding 90% have been demonstrated in linear mode. 11 The detectors can be used even at room temperature although for best performance they are often cooled thermo-electrically to -30°C.
To date it has been thought that APDs are unable to measure the number of photons in a pulse of radiation or a short time interval. Although some alternative technologies have shown limited photon number resolving capability, [12] [13] [14] [15] [16] they all require cryogenic cooling and often have low efficiency, a small active area or long integration times. In order to exploit the practical advantages of APDs, some schemes approximating photon number resolution were proposed in which an incident pulse is split and registered on multiple detectors or a single detector at different times. 17, 18 In the following, we show for the first time that individual APDs can count photons in an incident pulse of laser light with no need for splitting in space or time.
In an InGaAs/InP APD one (or more) photo-excited hole triggers avalanche multiplication in an InP layer subject to a strong electric field. A cascade of impact ionisation events started by the photo-hole(s) results in a current path between the APD electrodes and a selfsustaining avalanche current flows through the device. Once the avalanche is established in the whole multiplication volume of the APD the current saturates at a value which depends on the applied bias and on the total resistance of the circuit, but does not depend on the number of photo-generated holes that triggered the process. 19 As the avalanche is selfsustaining the bias must be reduced below breakdown voltage to quench the avalanche.
InGaAs APDs are operated commonly in gated Geiger mode, for which periodic voltage pulses are applied to bias the APD above the breakdown voltage (V BD ) by an excess bias (V EX ) for a short duration of several nanoseconds to enable, and then subsequently quench, the avalanche. This mode is well suited to quantum key distribution and other applications using a pulsed source. The photon-induced output signal (measured as voltage drop across a 50 Ω series resistor due to the APD current) is superimposed on the capacitive response of the device to the applied voltage pulses, as shown in Fig.1a . This capacitive signal sets a limit upon the weakest avalanche amplitude that can be detected for conventional operation.
In order to resolve the incident photon number it is essential to measure the current shortly after the onset of avalanche build-up. The tiny current associated with such avalanches can be detected by eliminating the capacitive response of the APD using the circuit shown in Here the excess bias was set to 1.5V, corresponding to a detection efficiency of 10%. The trace shows a series of maxima and shoulders which are centred around 4.7, 8.4, 11.5, 14.6 and 17.6 mV, which we ascribe to the avalanche current induced by 0, 1, 2, 3 or 4 photons.
By measuring the avalanche current before it saturates in the device, we can distinguish avalanches stimulated by different numbers of photo-excited holes. Notice that for this particular incident flux (1.49 photons/pulse), the output is dominated by 1-and 2-photon signals, as expected.
To clarify, note that the 0-photon peak in Fig. 2 corresponds to periods for which there is no avalanche, only 'noise' due to an uncompensated component (~4.7 mV) of the capacitive response, due to a small signal mismatch between the two arms of the self-differencing circuit. The dark count rate is negligible (< 2x10 -6 per gate) in all the measurements presented here.
The assignment of the features in Fig. 2 to detection of different photon number states is confirmed by the dependence of the output signal distribution on the incident laser pulse intensity. Figure 3 displays histograms of the peak output signal voltages recorded for different incident intensities. Notice that at the lowest light intensities only the 1-photon peak may be observed along with the 0-photon peak. As the laser intensity increases, the multi-photon peaks become progressively stronger. Notice that, as expected, the probability In contrast to the results presented above, we find it is not possible to resolve photon number in conventional gated Geiger mode operation (Fig.1a) . In Fig. 4 we plot the excess noise (F) as a function of mean gain, <M>, recorded at different excess biases. Here F is determined from the variance of the Gaussian fitted to the 1-photon signal measured under low illumination conditions. Remarkably, the self-differencing APD maintains a low excess noise, even for <M> beyond 1×10 6 , which does not increase with the mean gain. Combining high internal gain and low noise, the self-differencing APD could be a replacement for linear mode APDs where high sensitivity at very low illumination level is needed.
To conclude, avalanche photodiodes can resolve photon number. By using a self-differencing circuit for the readout of the APD we were able to measure very small currents at the early stage of avalanche development. We have shown that in this case the total current through the APD scales proportionally to the number of incident photons. This will be useful not only for applications in quantum optics, but also for photon number counting in low light level detection. The APD was illuminated by a 1550 nm pulsed laser with an average detected intensity of μ=1.49 photons/pulse. The lines show a fit to the data described in the text. 
